ABSTRACT Dietary phosphorus (P) oversupply is costly to the poultry industry and represents a point source of excessive P discharge to the environment via manure application to soils. The current study was conducted to investigate the effects of dietary available P (AP) level on growth performance, plasma biochemistry, bone characteristics, and P flow in order to assess minimal AP needs of pullets during the pre-lay period. A total of 192 Lohmann pullet chicks were randomly allocated to one of 4 treatments with 8 replicate cages of 6 birds per cage. The pullets of Low (L; the lowest AP regimen) were fed diets in a sequence of 0.200, 0.175, and 0.150% AP for the age period of 0 to 4 wk, 4 to 8 wk, and 8 to 16 wk, respectively. The AP level was increased by an increment of 0.1% in each phase in Low-Medium (LM), Medium-High (MH) and High (H), thus making H (control) consisting of 0.500, 0.475, and 0.450% AP. Overall, there were no main effects of treatment on body weight gain (BWG), feed intake (FI) and feed conversion ratio (FCR). However, compared with the H treatment, BWG or FI of the L treatment was lower during the first 8 wk post-hatch, but became comparable or higher over the last 8 wk (P < 0.05); FCR of L birds was greater over wk 0 to 4 but became smaller over wk 8 to 16 (P < 0.05). Plasma P was lower in L than H treatments at wk 8 but turned comparable at wk 16 (P < 0.001). Bone characteristics were not different for pullets fed various AP regimens. Total P intake and excretion were reduced with lowering dietary AP (P < 0.001), but its retention percent was not affected. The results indicated that the lowest AP regimen (0.200-0.175-0.150%) in the current study was adequate to support healthy growth and development of pre-lay pullets, while reducing P excretion in manure.
INTRODUCTION
Phosphorus (P) is an essential element for animals. It plays a vital role in multiple biological processes and in maintaining bone mineralization together with calcium (Ca) (Berndt et al., 2005; Li et al., 2016) . It is also a crucial element for animal welfare. Poultry fed low-P diets are more susceptible to osteoporosis and fractures, and heat stress (Persia et al., 2003) . Sixty to 80% of P stored in cereal grains, the main ingredients of poultry diets, is bound in phytic acid and its salts (Ravindran et al., 1995; Tran and Skiba, 2005) , commonly referred to as phytate P (PP). Due to a lack of significant amount of endogenous phytase which hydrolyzes phytic acid in the digestive system, PP is biologically less available to poultry (Selle and Ravindran, 2007) . This requires dietary supplementation with inorganic P (non-phytate P or available P) and exogenous phytase to meet P requirements for optimal animal growth and production. It has been shown that the supplementation of poultry diets with exogenous microbial phytases can improve the bioavailability of PP (Leske and Coon, 1999; Augspurger et al., 2003; Cowieson et al., 2006) . However, there is still a wide disagreement on the P-releasing efficacy of phytase, due to the many factors known to influence phytase activity and phytate hydrolysis, including pelleting and storage temperatures, dietary Ca content, age and genotype of birds, and differences in experimental protocols (Leske and Coon, 1999; Slominski, 2011) . Moreover, there is variable data on biologically available P (AP) content in feed ingredients for poultry (Van der Klis and Versteegh, 1996) . Consequently, substantial safety margins for AP are added during feed formulation to ensure that birds do not become P deficient. Excessive dietary P concentrations increase not only the cost of feed, but also P presence in manure, which imposes negative impacts on the environment. There has been a reevaluation of the P requirements for broilers and laying hens (Boling et al., 2000; Keshavarz, 2000a; Dhandu and Angel, 2003; Liu et al., 2017) ; however, limited research has 557 been done for pullets during the pre-laying period. The NRC (1994) recommendation for non-phytate P (NPP) or AP is 0.40, 0.35, and 0.30% for the period of 0 to 6, 6 to 12, and 12 to 18 wk of age, respectively, for Leghorn growing pullets, based on rather old publications (Gillis et al., 1949; Carew and Foss, 1980; Douglas and Harms, 1986) . Indeed, the levels commonly fed by industry are 0.1% higher or more than the NRC recommendation for each growing period to provide an additional margin of safety. One relatively recent study by Keshavarz (2000b) showed that 0.20, 0.15, and 0.10% NPP respectively for the 3 growing periods was adequate to support performance of Babcock White pullets, indicating that the NRC (1994) recommendation for pullets during the growing period might be overestimated.
Because of the scarcity of recent information on the AP requirement during the growing period, the changes in the genetics of chicken species and feed ingredients, and the above mentioned side effects of high dietary P, further investigation on the AP needs of growing pullets is warranted, particularly in light of environmental concerns due to the oversupply of P. Hence, the current study was conducted to assess the minimal AP needs of pre-lay pullets based on growth performance, plasma biochemistry, bone characteristics and P retention.
MATERIALS AND METHODS
The experiment was conducted in electrically heated batteries under the University of Manitoba Animal Care Protocol Management and Review Committee. The birds were handled in accordance with guidelines described by the Canadian Council on Animal Care (2009).
Birds and Housing
A total of 192 Lohmann LSL-Lite pullet chicks procured from a commercial supplier (Clark's Poultry Inc., Brandon, Manitoba, Canada) were weighed and randomly housed in groups of 6 birds per cage (98 cm deep × 68 cm wide × 37 cm high). Every cage was considered an experimental replicate, and each dietary treatment was fed to 8 replicates (48 pullets per treatment). Room temperature and lighting were automatically controlled to conform to programs recommended for this strain (Lohmann Tierzucht, n.d.) . Throughout the experimental periods, feed and water were available for ad libitum consumption. With this longitudinal study, cage space allowance was monitored as birds progressed to 16 wk of age. The number of birds per cage remained unchanged given that minimum cage space allowances were maintained during the study. The growing period was divided into 3 phases: Phase 1 (day-old to 4 wk of age), Phase 2 (4 to 8 wk of age), and Phase 3 (8 to 16 wk of age). The birds on the Low treatment were fed a sequence of 0.200, 0.175, and 0.150% AP for the age period of 0 to 4 wk (Phase 1), 4 to 8 wk (Phase 2), and 8 to 16 wk (Phase 3), respectively. The AP was increased by an increment of 0.1% in each phase in the treatment of Low-Medium, Medium-High and High. Each dietary treatment was fed to 8 replicates (cages) of 6 post-hatch chicks from Day 0 to 16 wk of age.
Diet
Corn-soybean meal-oat-based diets were formulated to meet or exceed the nutrient specifications for Lohmann LSL-Lite pullets, as indicated in the respective strains' management guide (Management Guide, Lohmann Tierzucht). Information on the treatment regimens and diet formulations are presented in Table 1  and Table 2 , respectively. The diets used in each phase were isocaloric and isonitrogenous with the exception of AP level. The birds of L treatment (the lowest AP levels) were fed diets in a sequence of 0.200, 0.175, and 0.150% AP for the age period of 0 to 4 wk, 4 to 8 wk, and 8 to 16 wk, respectively. The AP level was increased by an increment of 0.1% in each phase in treatments of LM, MH and H, thus making treatment H (the highest AP levels; control) consisting of 0.500, 0.475, and 0.450% AP during the 3 growth phases. The samples of each diet were analyzed for dry matter (DM) (method 930.15), Ca (method 968.08) and total P (method 965.17), in accordance with the AOAC (2005) procedures. Crude protein was analyzed using a Leco NS-2000 Nitrogen Analyzer (Leco Corp., St. Joseph, MI) according to the method of AOAC (2005; method 990.03). Phytate P was analyzed according to the methods of Haug and Lantzsch (1983) with slight modifications. The AP content was calculated by subtracting PP from total P.
Experimental Approach
Feed consumption and body weight of each cage were measured weekly, and the feed conversion ratio (FCR) was calculated as grams of feed consumed per gram of weight gain.
To determine Ca and P retention, 2 digestion studies were conducted when pullets reached 8 and 16 wk of age. For each cage, feed consumption was measured and excreta produced over 3 consecutive days of the 8-and 16-wk study period were collected. The collected excreta samples were immediately frozen, freezedried and ground before further analysis. Calcium and 1 The birds of Low were fed a sequence of 0.200, 0.175, and 0.150% AP for the age period of 0 to 4 wk (Phase 1), 4 to 8 wk (Phase 2), and 8 to 16 wk (Phase 3), respectively. The AP was increased by an increment of 0.1% in each phase in the treatment of Low-Medium, Medium-High and High, thus making High consisting of 0.500, 0.475, 0.450% AP during the 3 growth phases.
2 Biofos, a feed grade monocalcium phosphate, contained 21% P and 18% Ca (Landmark Feeds, Winnipeg, Manitoba, Canada). 3,4 Vitamin and mineral premix provided per kg of diet: 11,000 IU of vit. A, 3,000 IU of Vitamin D 3 , 20 IU of Vitamin E, 3 mg of Vitamin K, 0.02 mg of Vitamin B 12 , 6.5 mg of riboflavin, 1 mg of folic acid, 10 mg of calcium pentothenate, 39.9 mg of niacin, 0.2 mg of biotin, 2.2 mg of thiamine, 4.5 mg of pyridoxine, 1000 mg of choline, 125 mg of Endox (antioxidant), 66 mg of Mn (as manganese dioxide), 70 mg of Zn (as zinc oxide), 80 mg of Fe (ferrous sulfate), 10 mg of Cu (as copper sulfate), 0.3 mg of Se (as sodium selenite), 0.4 mg of I (as calcium iodate), and 0.67 mg of sodium chloride (salt). P retention were calculated by subtracting the amount of each nutrient excreted in the manure from the amount of the corresponding nutrient consumed on a DM basis.
At wk 8 and 16, about 3 ml of blood samples were taken from a wing vein with a syringe from 2 birds randomly chosen from each cage and plasma was obtained by centrifugation at 3600 rpm at 4
• C for 5 min for biochemical analysis using an automated analyzer (Cell-Dyn 3500 System, Abbott Laboratories, Abbott Park, IL). The plasma biochemical assay included electrolytes (Ca, P, Na, K, and Cl), enzymes (alkaline phosphatase, aspartate transaminase, and creatine kinase), proteins (total protein, albumin, and globulin) and other plasma constituents (uric acid, glucose, and cholesterol).
At the end of the 16-wk period of the study, 2 birds were randomly chosen from each cage and sacrificed by CO 2 asphyxiation. The left tibias were removed and stored at -20
• C until analysis.
Bone Quality Analysis
Frozen left tibias were thawed by leaving them in plastic bags at room temperature for 1.5 h. The thawed tibias were cleaned of all adhering tissue and cartilaginous caps were removed before analysis. Bone mineral density (BMD) and bone area were determined using peripheral dual-energy x-ray absorptiometry (pDEXA) (Norland Stratec, Roanoke, VA). Bone mineral content (BMC) was determined as the product of BMD and bone area (Onyango et al., 2003; Jendral et al., 2008) . After bone quality testing, tibias were defatted with hexane in a Sohxlet extractor and then used for ashing and mineral analysis as described below.
Calcium and P Analysis
Feed and freeze-dried excreta samples were ground to pass through a 1-mm sieve screen and thoroughly mixed before analysis. Calcium and total P were analyzed The birds of Low were fed a sequence of 0.200, 0.175, and 0.150% AP for the age period of 0 to 4 wk (Phase 1), 4 to 8 wk (Phase 2), and 8 to 16 wk (Phase 3), respectively. The AP was increased by an increment of 0.1% in each phase in Low-Medium, Medium-High and High.
2 Data are presented as least squares means and their SEM (n = 8 for Low, Medium-High and High; n = 7 for Low-medium). 3 BWG: body weight gain; FI: feed intake; FCR: feed conversion ratio (g of feed/g of gain). 4 Probability for F tests of main effects and interaction. 5 Probability for F tests and comparisons of means for diet at each time period, carried out when the P diet × age is significant. A,B For comparison of interaction means for diet × age. Diet means are compared at each age using the Fisher's protected LSD test. Means with different letters in the same row indicate significant differences (P < 0.05).
6 Orthogonal Polynomial Contrasts are performed when the main effect of diet or the effect of diet at each time period is significant.
by inductively coupled plasma mass spectrometry (Varian Inc., Palo Alto, CA), and the extraction procedures were described previously by our research group (Neijat et al., 2011) . The determination of Ca and P in the whole defatted tibia followed the same procedure except that ashing time was extended to 18 h instead of 12 h. Phytate P of excreta was analyzed using the same method for the diets mentioned above.
Statistical Analysis
All data were analyzed as a completely randomized design with individual cages as experimental units and repeated measures on the cages. Data were analyzed using the PROC MIXED procedure of SAS (SAS Institute Inc., Cary, NC), with a repeated measures analysis which included fixed effects of diet, age, and diet × age as well as the random effect of cage within diet. Repeated measures were modeled using a first-order autoregressive variance-covariance structure, with allowance made for unequal variances across time periods when necessary. Bone data were measured only once at the end of the study, so the analysis of these data considered only diet effects. In all analyses, least squares means were compared using Fisher's protected LSD test and the level of statistical significance was set at P < 0.05. Orthogonal Polynomial Contrasts were performed to further test trends (linear and quadratic) in response to dietary treatment, if the P value of the overall F-test is significant. The correlation between plasma Ca and P was performed using Proc Corr procedure of SAS. Data values with studentized residuals exceeding ±3 were considered outliers and excluded from the analysis.
RESULTS

Growth Performance of Pullets
Growth performance of pullets is provided in Table 3 . Overall, body weight gain (BWG), feed intake (FI), and FCR were not different (P > 0.05) among birds fed different AP levels; however, a significant (P < 0.05) diet × age interaction was observed for these parameters. In comparison with the H treatment, 1) BWG of treatment L was lower in the Phase 1 (0 to 4 wk) and Phase 2 (4 to 8 wk) but turned higher in the Phase 3 (8 to 16 wk); 2) FI of the L treatment was lower in the first 2 phases, whereas no marked differences were found in the Phase 3; 3) FCR of the L was greater in the Phase 1 followed by no differences in the Phase 2, and became smaller in the Phase 3. Bird performance was not different (P > 0.05) between the LM, MH and H treatments during each growing period. Furthermore, linear and/or quadratic trends existed for the effect of diet on those performance parameters at different age period (P < 0.05).
Calcium and P Flow
Calcium and P flow including intake, excretion and retention is shown in Table 4 . Calcium intake was overall higher in the L vs. the H treatment (P < 0.01), which could be associated with the variation of dietary Ca level that was highest (1.22%; analyzed) in the L treatment of the Phase 2 diets and lowest (1.04%; analyzed) in the H treatment of the Phase 3 diets shown in Table 2 , while feed intake in the both treatments was not different (P > 0.05) at either wk 8 or wk 16 (data not shown). In agreement with this, Ca intake (581.0 mg/bird/d) of the L treatment was highest at wk 8, and the lowest value (697.0 mg/bird/d) was found in the H treatment at wk 16. No significant differences among dietary treatments were observed for Ca excretion (P > 0.05). Consequently, the amount of Ca retained was greater in the Low as compared to the H treatments (P < 0.05); however, no significant differences between treatments were found for Ca retention rate (of intake) (P > 0.05). There was a diet × age interaction effect for Ca excretion and retention (P < 0.05), with the net and percent values of Ca retention higher in the L vs. the H treatment at wk 16, but no differences were found at wk 8. A linear contrast was also found for the diet effect on Ca retention at wk 16 (P < 0.05). Lowering dietary AP levels remarkably reduced total P intake, excretion and retention (P < 0.001), and a linear relationship was found between dietary AP content and total P excretion as well as retention (P < 0.001). Overall, daily total P excretion of pullets on the L treatment decreased by 40% compared with those on the H treatment. There was no main effect of treatment on total P retention rate (P > 0.05). Moreover, the extent of a decrease in daily total P intake and retention resulted from reduced dietary AP varied with the age of birds, and consequently total P retention rate in L birds was higher at wk 8 (despite a lack of statistical significance) but lower at wk 16, when compared to birds on the H treatment (P < 0.05). Changing dietary AP did not affect excretion and retention of PP (P > 0.05), except for intake of PP which decreased in L compared with the H treatment (P < 0.001), and this might also be due to the variation of dietary PP content. The determined dietary PP of L was lower than that of the H treatment for Phase 2 (0.29% vs. 0.30%) and Phase 3 (0.28% vs. 0.31%) as shown in Table 2 , consistent with PP intake which was the lowest for the L treatment at either wk 8 (137.9 mg/bird/d) or wk 16 (185.6 mg/bird/d). In addition, PP retention rate increased with increasing age of bird (P < 0.001). Available P flow was generally consistent with total P flow in response to dietary treatment, except for the retention rate which was greater in the L vs. H treatment at wk 8 but no significant differences found at wk 16 (P < 0.01), due to the reduced AP retention rate as bird aged (P < 0.001).
Plasma Parameters
As shown in Table 5 , plasma P and Ca responded in the opposite direction to dietary AP supply, as reflected by the results that the former was lower and the latter was higher (P < 0.001) in the L compared to the H treatment. No differences were observed between treatments of LM, MH and H for either measure. A strong negative correlation between plasma Ca and P was particularly observed at wk 8 (r = −0.954; P < 0.001). With respect to differences due to age between measures observed for L and H treatments, significant differences in both plasma Ca and P were found at wk 8 but not at wk 16 (P < 0.001). Contrast analysis further showed linear and quadratic trends for the effect of diet on plasma Ca and P (P < 0.05). The diet × age interaction was also observed for plasma K, alkaline phosphatase and cholesterol (P < 0.05), and significant differences between L and H treatments were generally only found at wk 8. It was also noted that plasma uric acid increased as dietary AP levels decreased (P < 0.01). Generally, the effect of diet on those plasma constituents showed a linear trend (P < 0.05).
Bone Characteristics
Changing dietary AP did not affect any bone measurements, including tibia BMD and BMC, tibia weight and ash content, as well as the percent by weight of Ca and P (P > 0.05) ( Table 6 ).
DISCUSSION
Reducing the dietary supplementation of inorganic P without disturbing animal production and health would yield economic savings and reduced environmental impacts due to the oversupply of dietary P. Although pullets fed the lowest AP (0.200-0.175-0.150%) had lower BWG and FI than those fed the most AP (0.500-0.475-0.450%) in the first 8 wk post-hatch, "catch-up" or compensatory growth was observed when the birds progressed from the age of 8 wk to the age of 16 wk. Also, birds seemed to adapt to changes in dietary AP levels predominantly at the grower stage, based on the contrast analysis illustrated in Table 3 that a significant quadratic trend was uniquely observed at the age of 4 to 8 wk. Furthermore, the overall growth performance of pullets was not affected by lowering dietary AP levels. The current data indicated that the lowest AP regimen used was adequate to support a comparable growth to those fed an AP regimen in accordance with NRC (1994) requirements during the entire growing period. Keshavarz (2000b) previously suggested that the lowest NPP (0.20-0.15-0.10%) was adequate to secure a satisfactory growth performance as compared to the highest NPP (0.40-0.35-0.30%) during the pre-lay period. Thus, it could be concluded that NRC (1994) The birds of Low were fed a sequence of 0.200, 0.175, and 0.150% AP for the age period of 0 to 4 wk (Phase 1), 4 to 8 wk (Phase 2), and 8 to 16 wk (Phase 3), respectively. The AP was increased by an increment of 0.1% in each phase in Low-Medium, Medium-High and High.
2 Data are presented as least squares means and their SEM (n = 8 for Low, Medium-High and High; n = 7 for Low-medium). 3 Probability for F tests of main effects and interaction. a,b For comparison of main effect means for diet using the Fisher's protected LSD test. Means with different letters in the same row indicate significant differences (P < 0.05).
4 Probability for F tests and comparisons of means for diet at each time period, carried out when the P diet×age is significant. A,B For comparison of interaction means for diet × age. Diet means are compared at each age using the Fisher's protected LSD test. Means with different letters in the same row indicate significant differences (P < 0.05).
5 Orthogonal Polynomial Contrasts are performed when the main effect of diet or the effect of diet at each time period is significant.
requirements for pre-lay pullets are overestimated, and a potential exists to reduce the supplemental level of AP in the bird's diet. Although not measured in the present study, the effect of AP supply during the prelay period on subsequent performance and egg quality of laying hens is still warranted to better evaluate the minimal needs of P for pullets. An earlier study showed that lowering total P to 0.31% at 16 wk did not significantly affect subsequent body weight, egg production, egg weight, and egg specific gravity of laying hens (Douglas and Harms, 1986) . Similar findings were also reported by Keshavarz (2000b) when reducing NPP up to 0.20-0.15-0.10% respectively for the phase of startergrower-developer. Plasma P was significantly lower for pullets fed the lowest AP compared to birds fed the most AP at the age of 8 wk but was not influenced by AP at the age of 16 wk. Plasma Ca was found to be highest for birds fed the least AP and a negative correlation existed between plasma P and plasma Ca at wk 8. This could be directly attributed to the fact that dietary Ca was highest in the L treatment for the period of 4 to 8 wk. On the other hand, it has been reported that plasma Ca concentration increased as dietary P decreased. Calcium and P homeostasis is regulated by hormones, such as 1,25-dihydroxy- vitamin D 3 (1,25-(OH) 2 D 3 ). Reduction in plasma P stimulates production of 1,25-(OH) 2 D 3 , the biologically active form of vitamin D, which increases efficiency of intestinal Ca absorption (Fox and Ross, 1985; Littledike and Goff, 1987) . Plasma or serum contains only a small fraction of total body P, so plasma P concentrations do not accurately reflect the body's P status (Wagner, 2007) . The current contrast analysis showed a significant quadratic trend for the effect of diet on plasma P concentrations, indicating that circulating blood P may not be a sensitive indicator of intake of dietary P. A vast majority of body P, roughly 85%, is stored in bones (Cook et al., 1937) . Phosphorus, secondary to Ca, is crucial for skeletal development and bone integrity of animals. It is one of the 2 main ionic components required for hydroxyapatite formation during the mineralization (Magne et al., 2003) . So, P deficiency will result in osteomalacia due to an insufficient formation of hydroxyapatite. Medullary bone, unique to birds (and crocodilians), is formed at the onset of sexual maturity. Aside from overall structural benefit, this type of bone is intended as a labile source of P or Ca for shell formation (Whitehead, 2004) . Hence, low or insufficient AP supply will on the one hand lead to loss of connectivity within the overall bone structure and therefore compromise bone strength and bone quality, and will on the other hand adversely impact eggshell formation. Bone ash percent, one of the bone characteristics, is commonly used to examine the extent of Values with different letters within a row indicate significant differences (P < 0.05), values without letters or with same letters within a row indicate non-significant differences (P > 0.05).
1 The birds of Low were fed a sequence of 0.200, 0.175, and 0.150% AP for the age period of 0 to 4 wk (Phase 1), 4 to 8 wk (Phase 2), and 8 to 16 wk (Phase 3), respectively. The AP was increased by an increment of 0.1% in each phase in Low-Medium, Medium-High and High.
2 Data are presented as least squares means and their SEM (n = 8 for Low, Medium-High and High; n = 7 Low-Medium).
3 BMD: bone mineral density; BMC: bone mineral content.
mineralization of bones (Keshavarz, 2000b; Bar et al., 2003) . In recent years, pDEXA has been positioned as another reliable means of assessing the mineralization of bones for animals (Onyango et al., 2003; Nielsen et al., 2007) . The current data showed that changing dietary AP did not impact bone characteristics, including tibia BMD, BMC and ash percent. Similarly, Keshavarz (2000b) reported that plasma P was significantly lower for pullets fed the least NPP compared to birds fed the most NPP at 6 wk of age but was not influenced by NPP at 12 or 18 wk of age, and no significant differences were found for tibia weight and tibia ash at 6, 12, or 18 wk of age when pullets were fed different NPP. Douglas and Harms (1986) showed that bone ash percent measured at 20 wk was not affected by feeding less P during the pre-lay period. Relative to pre-lay pullets, laying hens had higher BMD (average 0.18 g/cm 2 ) and BMC (average 2.37 g) which were also unaffected by feeding variable AP ranging from 0.15 to 0.45% in our previous study (J. D. House, unpublished data). Although egg production and egg quality were not monitored in the current study, previous studies showed that egg production, egg weight and specific gravity were not influenced by lowering dietary P during the growing period (Douglas and Harms, 1986; Keshavarz, 2000b) .
The current data showed that daily P intake and excretion were significantly reduced due to a decreased AP content of the diets, and the effect of diet on P excretion followed a linear trend. Specifically, total P excretion over the entire experimental period was 13.57 g/bird for the L treatment and 22.74 g/bird for the H treatment, thus leading to a 40.3% reduction over 16 wk by feeding the lowest AP regimens compared with feeding the highest AP regimens. This has important implications for feeding interventions designed to minimize environmental impacts. The percentage of P retention was not influenced by overall effect of diet; however, significant interactions between diet and age were observed. The AP retention (%) was higher for birds fed lower AP at the age of 8 wk but turned comparable at the age of 16 wk, indicating that young pullets had a greater ability to retain P from diets with lower AP content than diets with higher AP, which was supported by results that feeding the lowest AP decreased total P excretion by 49.8% during wk 0 to 8 but 34.9% during wk 9 to 16, as compared to feeding the highest AP. In addition, the present study showed that PP retention (%) significantly increased as the age of bird increased. This indicates that PP could be more efficiently utilized by older pullets than young ones. The availability of dietary PP to chickens is a subject of debate, ranging from 0 to 50%. This wide range of values is due to many factors that can influence PP availability, such as age of birds, dietary factors, and experimental protocol (Ravindran et al., 1995; Applegate et al., 2003; Marounek et al., 2008) . It was reported that mature hens utilized phytate more efficiently than chicks as measured by phytate retention (Maddaiah et al., 1964) . Marounek et al. (2008) showed that PP retention was greater in 47-week-old than in 20-week-old laying hens. The effect of age on the ability of chickens to utilize PP has not been clearly defined. A possible explanation for the increased utilization of PP with age is that more endogenous phytase may be present in the gastrointestinal tract of older birds (Marounek et al., 2010) . It must be pointed out; however, that the degree of PP release is not merely due to endogenous intestinal mucosa phytase action but also is a potential consequence of the intrinsic phytase activity of feed ingredients, including wheat, rye, and oats (Frolich et al., 1988; Slominski et al., 2007) . In the current study, the content of oats was higher in developer diets (24%) as compared to starter (average 2%) and grower (average 18%) diets, which could contribute to the higher PP retention in older pullets. Data from the current study showed changes in Ca flow among treatments; however, no final explanation of this observation was possible due to the potential confounding factor, variations in dietary Ca levels as stated in the results section.
In conclusion, although growth performance during the age of 0 to 8 wk was reduced for pullets fed the lowest AP regimens (0.200/0.175/0.150%), it achieved equivalent or superior values over the age of 8 to 16 wk when compared with the birds fed the highest AP regimens (0.500%/0.475%/0.450%), and no main effect of dietary treatments was found for those growth parameters. Bone characteristics were not affected by changes in dietary AP levels. Reduction of dietary AP resulted in a 40% decrease in TP excretion and had no effects on percent P retention. These data indicate that the potential exists for diminishing P excretion of growing pullets by providing them with diets containing lower AP levels than the NRC (1994) recommendation, without compromising bird growth and bone mineralization during the pre-lay period.
